Abstract. The median survival of patients with glioblastoma multiforme (GBM) remains poor. Innovative immunotherapies with dendritic cell (DC) vaccination might be combined with standard temozolomide (TMZ) treatment. Here, we evaluated the influence of TMZ on the phenotype and function of DCs and CD8 + T cells. DCs were generated from the peripheral blood of healthy volunteers (HVs) and GBM patients. DCs were analyzed by light microscopy and flow cytometry. Phago cytic activity was tested by FITC-dextran engulfment. Mixed lymphocyte peptide cultures were followed by enzyme-linked immunospot (ELISPOT) and flow cytometry assays. TMZ was added to DC and T cell cultures at concentrations up to 500 µM. Mature DCs were generated from HVs and GBM patients. Cells displayed a typical DC morphology and a mature DC phenotype. Expression of CD209 was even higher in DCs generated from patients under therapy than from HVs (75.2 vs. 51.1%). In contrast, CD40 (1.1 vs. 13.5%) and BDCA4 (26.5 vs. 52.9%) were lower expressed in GBM patients at time of diagnosis. Immature DCs showed high phagocytic activity. Addition of TMZ at concentrations up to 50 µM did neither impair the phenotype nor the function of DCs. In ELISPOT and flow cytometry assays, no impairment of CD8 + T cell responses to viral antigens could be observed. Taken together, TMZ does not impair the function of either DCs or the CD8
Introduction
The outcome of patients with glioblastoma multiforme (GBM), the most common and the most aggressive malignant glioma (WHO grade IV), still remains poor with a median survival time of 14 months after first diagnosis (1) . Standard therapy is maximum surgical cytoreduction without causing new neurological deficit followed by a total dose of 60 Gray-fractionated focal irradiation with concomitant temozolomide (TMZ) chemotherapy (2, 3) . TMZ is a prodrug which is metabolized to the more active metabolite 5-triazeno imidazole carboxamide acting as an alkylating agent. Standard first line therapy in glioblastomas consists of a continuous dosing of 75 mg/m 2 TMZ concomitant to radiotherapy, followed by 6 adjuvant cycles of 150-200 mg/m 2 TMZ from day 1 to 5 of a 28-day cycle. TMZ serum levels of the patients under TMZ therapy can reach up to 50 µM during therapy (4) . Innovative immunotherapeutic approaches might combine dendritic cell (DC) vaccination with standard TMZ therapy.
DCs are professional antigen-presenting cells with the ability to present peptide epitopes both on classes I and II molecules of the major histocompatibility complex (MHC). Recently, several groups (5-9) demonstrated clinical and immunological responses of glioblastoma patients after intradermal injection of autologous DCs loaded with tumor lysate in the vicinity of lymph nodes, despite several hints indicating that glioblastomas have a strong immunosuppressive capacity.
In this study, we investigated the generation of monocyte-derived autologous DCs from the peripheral blood of glioblastoma patients in comparison to healthy volunteers (HVs) with regard to phenotype, morphology and function in the presence of therapeutical levels of TMZ. Furthermore, the effect of TMZ on CD8 + T cells was investigated.
Materials and methods
Source of TMZ. TMZ was obtained from Sigma-Aldrich (Munich, Germany). It was dissolved in dimethyl sulfoxide (DMSO) (Merck, Darmstadt, Germany) at a final concentration of 0.5% DMSO, a non-toxic concentration. DMSO control experiments were performed in order to exclude toxic (10) . TMZ concentrations ranged from 1 to 100 µg/ml (5-500 µM).
Peripheral blood samples from HVs and GBM patients.
Peripheral blood mononuclear cells (PBMCs) were isolated with Biocoll Separation Solution (Biochrom, Berlin, Germany) density gradient centrifugation of ethylenediaminetetraacetic acid (EDTA; Delta-Pharma, Pfullingen, Germany) anticoagulated blood. Peripheral blood samples from 5 patients with newly diagnosed GBM and 6 patients under therapy were taken. Generation of DCs and TMZ treatment. Generation of DCs from peripheral blood cells was performed as described previously (11) (12) (13) (14) . Briefly, PBMCs were seeded (2.5x10 6 cells/ ml/well) into 6-well plates (Becton-Dickinson, Heidelberg, Germany) in RPMI-1640 (Biochrom AG) supplemented with 2% human AB serum, 1% L-glutamine, 1% penicillin and streptomycin. After 2 h of incubation at 37˚C, non-adherent cells were removed. The remaining adherent cells (including 70% CD14 + cells) from HVs or patients, respectively, were cultured in RPMI-1640 supplemented with 100 ng/ml human GM-CSF, 1000 IU/ml IL-4 (Miltenyi-Biotec, Bergisch Gladbach, Germany), and 10% human AB serum. For maturation of the cells, medium change was performed on day +6. The new medium contained GM-CSF and IL-4 in the concentrations mentioned above in addition of 50 ng/ml TNF-α (MiltenyiBiotec). Cell differentiation was monitored by inverse light microscopy. TMZ was added to DC culture medium on day 0 of DC generation. TMZ in different concentrations (0, 50, 100, 250 and 500 µM) was added to the DC culture medium after plastic adherence. Afterwards, DCs were continuously cultured for 6 days.
Viability staining and morphological studies of DCs. The viability of the DCs harvested after 8 days of culture was assessed by trypan blue staining and the morphology of the cells was analyzed by light microscopy. Furthermore, cells were stained with 1 nM/ml Calcein AM (Invitrogen GmbH, Karlsruhe, Germany) in order to quantify viable cells. In each experiment untreated cells served as a control. Cells treated with 70% methanol prior to staining served as dead control. Analysis was performed on a fluorescence multi-well plate reader (Tecan Infinite M200, Crailsheim, Germany) at an excitation wavelength of 485 nm (emission 535 nm). DC suspensions were spun on slides and stained with May-Gruenwald-Giemsa solution (Merck, Darmstadt, Germany). Treated DCs were incubated with mouse anti-human monoclonal antibodies: APC-conjugated CD83 (0.2 µg clone HB15) and PE-conjugated CD86 (0.2 µg clone M95, both Miltenyi Biotec, Bergisch-Gladbach, Germany). The number of DCs was quantified by addition of fluorescent microsphere beads (Polysciences, Eppelheim, Germany). For each sample 7500 events were measured by flow cytometric analysis. Data are given as frequencies of DCs compared to untreated controls (normalized as 1). Data analysis was performed on a FACSCalibur using CellQuest software (BD Biosciences, Heidelberg, Germany).
Phagocytic activity and detection of IL-12p70 in enzymelinked immunosorbent assays (ELISA). Both day +6 immature
DCs and day +8 mature DCs were collected and subsequently exposed to FITC-dextran (1 mg/ml) for 30 min at 4˚C or at 37˚C, and examined by flow cytometry to measure non-specific and specific uptake, respectively. The IL-12p70 enzyme-linked immunosorbent assay (ELISA) kit was used according to the manufacturer's instructions to analyze the production of IL-12p70 (R&D Systems, Wiesbaden, Germany) by DCs. Each condition was measured in duplicate. The supernatants for ELISA were kept at -20˚C prior to analysis.
Mixed lymphocyte peptide culture (MLPC)
. MLPC was performed as described earlier (15, 16) . Briefly, after isolation of CD8 + T lymphocytes from the Cytomegalovirus (CMV) pp65-tetramer + healthy volunteer, CD8 -APCs were irradiated with 30 Gy and pulsed with the peptide of CMVpp65 (Sequence: NLVPMVATV) or receptor for hyaluronan-mediated motility derived peptide R3 [RHAMM-R3 (sequence: ILSLELMKL)] at a concentration of 20 µg/ml for 2 h. After co-incubation with CD8 + T lymphocytes in the presence or absence of TMZ overnight at 37˚C, 5% CO 2 and 99% humidity, the MLPC was supplemented with 10 IU/ml IL-2 and 20 ng/ml IL-7. After a total of 8 days of culture, cells were harvested and evaluated for their IFN-γ secretion by an ELISPOT assay employing T2 cells pulsed with CMVpp65 or RHAMM-R3 peptide. Proliferation of CMVpp65-specific CD8 + T cells was determined after one round of MLPC by staining with CD8-FITC antibody and HLA-A2/CMVpp65 peptide tetramer PE.
Enzyme-linked immunospot assay (ELISPOT)
. IFN-γ ELISPOT assays were performed as previously described (17) . Presensitized CD8 + T lymphocytes (1x10 4 ) and 4x10 4 target cells (CMVpp65 or RHAMM-R3 peptide pulsed T2 cells) were added to each well. The spots were evaluated by the use of an ELISPOT reader (CTL, Reutlingen, Germany). The results are presented as an average of duplicate cultures.
Statistical analysis. Statistical analyses were calculated using Statistical Product and Services Solutions (SPSS) package (SPSS Version 11.5 for Windows, SPSS Science, Chicago, USA). The significance of the difference between means was determined by the analysis of one-way variance (ANOVA), and the differences were considered statistically significant at P<0.05.
Results

Typical morphology of both HV-DCs and GBM-DCs.
After eight days of culture, floating and semi-adherent cells generated from monocytes of GBM patients (GBM-DCs) and of HVs (HV-DCs) displayed a typical DC morphology with cytoplasmic veils (Fig. 1A) . Both DC precursors showed typical dendrites and colony formation in DC medium by phase contrast microscopy on day +6 (Fig. 1B) . The viability of the DC preparations was always >95% as determined by trypan blue staining (data not shown).
Phenotype of DCs generated from PBMCs of HVs and GBM patients in vitro.
On day +8, both HV-DC and GBM-DC preparations showed the phenotypic characteristics of monocyte-derived DCs, i.e. high level expression of MHC class II (HLA-DR) and CD86 and none or weak CD14. Flow cytometric analysis was performed for 12 HV-DC and for 11 GBM-DC preparations as shown in Fig. 2A (Fig. 2B) . Phagocytic function of HV-DCs and GBM-DCs. Both day +6 immature DCs and day +8 TNF-α-stimulated DCs were collected and subsequently exposed to FITC-conjugated dextran (1 mg/ml) for 30 min at 4˚C or at 37˚C and examined by flow cytometry to measure non-specific and specific uptake, respectively. A high level of FITC-dextran uptake was shown in the histograms of immature DCs generated from both HVs and patients. TNF-α-induced maturation of DCs was characterized by a decrease of endocytosis. Similar results were obtained in five experiments. One representative experiment is displayed in Fig. 3 . DCs generated from an HV displayed 79.8% endocytosis on day +6 vs. 18.4% endocytosis on day +8 and DCs from a GBM patient displayed 91.3 vs. 4.5% (Fig. 3) .
The impact of high dose TMZ on the frequency and IL-12 secretion of DC. We generated HV-DCs with the conventional cytokine cocktail for 6 days in the presence of different concentrations of TMZ ranging from 0 to 500 µM. Subsequently, the immature DCs were matured with TNF-α. Under these conditions, TMZ inhibited the DC generation in a dose-dependent manner. By increasing the TMZ concentration from 5, 50, 100, 250 to 500 µM, the frequencies of CD83 + CD86 + DCs generated from HVs were 1.07-, 0.96-, 0.69-, 0.64-and 0.45-fold compared to the group without TMZ (Fig. 4) . Cell numbers determined by viability staining were 1.03-, 0.89-, 0.86-, 0.92-, 0.74-fold, respectively, normalized to untreated living control cells (Fig. 5A) . Although the frequencies of CD83 + CD86 + cells were increased in the 5 µM TMZ group and decreased in the 50 µM group this did not reach statistical significance. These results at least indicate that therapeutic levels of TMZ of up to 50 µM do not impair the generation of DCs from HVs in vitro (Fig. 4) . However, TMZ levels higher than 250 µM did reduce significantly (P<0.05) the number of viable cells (Fig. 5A) .
IL-12p70 secretion of mature DCs from HVs was assessed by ELISA. Bioactive IL-12p70 secretion was achieved in the presence of TNF-α in the DC medium between day +6 and day +8 of generation of mature DCs and reached 1,066 pg/ ml (median, n=5). Finally, we investigated whether DCs retain the ability to secrete bioactive IL-12p70 during the maturation step upon exposure to different concentrations of TMZ (50, 100, 250, 500 µM) during 6 days of DC generation. On day +6, the immature HV-DCs were washed twice and transferred to a new culture plate to assess the IL-12 production. After exposure to TNF-α for 48 h, we observed a median secretion of bioactive IL-12p70 with respectively 1,233 pg/ml in the 50-µM TMZ group, 1,199 pg/ml in the 100-µM TMZ group, 1,160 pg/ml in the 250-µM TMZ group and 1,051 pg/ml in the 500-µM TMZ group. The secretion of IL-12p70 was higher in the 50-, 100-and 250-µM TMZ groups and decreased with higher levels of TMZ (data not shown).
As addition of TMZ to DC cultures resulted in a decrease of the number of cells (Fig. 5A) , we decided to normalize the secretion of IL-12 to a number of 10 5 living cells. Fig. 5B gives the results of the normalized IL-12 production. At concentrations of 250 (P<0.05) and 500 µM TMZ significantly (P<0.01) higher IL-12 levels were observed per cell as compared to lower concentrations.
Impact of TMZ on T cell function. CD8
+ T lymphocytes from CMVpp65-tetramer + HVs were subjected to one round of stimulation with irradiated autologous CD8 -cells pulsed with CMVpp65 peptide or control peptide (RHAMM-R3) in the absence or presence of different concentrations of TMZ (varying from 5 to 500 µM). Flow cytometric analyses were performed with anti-CD8 FITC/CD3 PerCP/CD14 APC/CD19 APC and CMV tetrameric complexes conjugated with PE to evaluate the promotion or inhibition of proliferation of relevant antigen specific CD8 + T lymphocytes by TMZ. In all samples, high doses (500 µM) of TMZ reduced the T cell proliferation over 8 days, however, lower concentrations of TMZ (5-50 µM) did not impair the proliferation of relevant antigen-specific CD8 + T cells. The frequency of CD8 + T cells within the CD3 + lymphocyte gate specifically recognizing the CMV peptide were 80.7, 81.9, 81.5, 51.1% with increasing TMZ concentrations (0, 5, 50, 500 µM), respectively ( Fig. 6 upper panel) .
To further evaluate the influence of TMZ on the function of CD8 + T cells from HVs, ELISPOT assays were performed to assess the CMVpp65-specific production of IFN-γ. TMZ did not significantly change the frequency of detectable spots with increasing concentrations up to 50 µM. However, with 500 µM TMZ, the frequency of IFN-γ spots was decreased when compared with the TMZ-untreated group and the RHAMM-R3-pulsed control group ( Fig. 6 lower panel; one representative experiment of three is shown).
Discussion
Treatment of patients with glioblastoma multiforme (GBM) remains a major challenge for the oncologist. Despite multimodal therapy including surgery, radiotherapy and chemotherapy with temozolomide (TMZ), <10% of the patients survive >5 years after diagnosis of the disease (3). Resistance to chemotherapy and serious toxicity of TMZ remain the major problems in the treatment of GBM patients with TMZ (18) . Therefore, there is a fervent need for novel, potentially synergistic therapies for the disease.
Immunotherapy constitutes an alternative tumor-specific approach. For the initiation of tumor-specific immune responses, the expression of immunogenic tumor-associated antigens (TAA) is favorable. Examples of glioma-associated antigens capable of initiating T cell responses are HER2, gp100, MAGE-1, EphA2 and SOX11 (19-22) . + T cells concluding that GBM is an immunogenic tumor (23) . These data support the development of an active specific immunotherapeutic approach for GBM patients.
Active immunotherapy with dendritic cells (DCs) as the most professional antigen-presenting cells (APCs) for the stimulation of T lymphocytes recognizing and eliminating tumor cells has been developed in recent years. Our group reported earlier that autologous DCs generated from leukemic blasts of patients with acute myeloid leukemia induced an enhanced specific cytotoxic T cell response in these patients (11) (12) (13) .
In spite of the location of the GBM in the so-called immuno-privileged environment of the central nervous system, promising clinical results of autologous DC-based tumor vaccination following surgery have been described (24) (25) (26) (27) (28) (29) . The group around van Gool (5, 7, 8, 30) demonstrated that autologous DC vaccination can induce long-term survival in GBM patients. Liau and co-workers (9) reported systemic anti-tumor T cell responses, an increased number of tumor infiltrating lymphocytes and a clinical response. Yu et al (28) observed cytotoxic T cell responses in 60% of glioma patients vaccinated with tumor lysate-loaded DCs, which was higher than the 40% seen with eluted peptides by the same group (24) . In another phase I/II trial, one partial response and three minor responses were seen in 24 recurrent malignant glioma patients treated with intradermal injections of tumor lysateloaded DCs (31).
Based on these positive clinical findings we wondered: a) whether there are any differences in morphology, phenotype and function of autologous DCs generated from GBM patients at different clinical stages when compared to DCs generated from HVs, and b) whether therapy with TMZ has an influence on the generation of DCs and antigen-specific CD8 + T cells. Accordingly, we generated DCs from both GBM patients (GBM-DCs) and healthy volunteers (HV-DCs). All DCs presented typical cytoplasmic veils (Fig. 1) . Altogether, all DC preparations showed a similar phenotype (Fig. 2) . However, a lower expression of CD40 on DCs generated from GBM patients at time of diagnosis and in the treatment course could generally be observed. Additionally, expression of BDCA4 on DCs generated from GBM patients at time of diagnosis was as high as on HV-DCs, but lower on DCs generated from GBM patients in the course of treatment (Fig. 2B ). CD40 is a costimulatory protein required for the activation of APCs. Down-regulation of CD40 inhibits the proper activation of APCs. This has been suggested to be a mechanism of tumor escape from immune surveillance (32, 33) . Interestingly, the expression of CD209 was higher on DCs generated at the time of diagnosis when compared with GBM-DCs in the course of treatment. CD209 (DC-SIGN; dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin) is a C-type lectin molecule binding mannose type carbohydrate pattern molecules thus activating phagocytosis (34) . Despite lower CD209 expression GBM-DCs were functional in terms of effective FITC-dextran phagocytosis (Fig. 3) . These phenotypic and functional analyses suggest that DC generation may also be performed from the peripheral blood of GBM patients, even if the DCs are generated from cells of the peripheral blood taken in the course of standard treatment.
Furthermore, we performed DC generation and antigenspecific T cell assays in the presence of different concentrations of TMZ in vitro. In clinical application, the alkylating agent TMZ is given at a dose of 75 mg/m 2 /day for 7 days per week during the time of irradiation therapy. After pausing the drug for four weeks, adjuvant therapy is performed with up to six cycles of 150-200 mg/m 2 TMZ for 5 days every 28 days (35) .
TMZ serum levels of 5 µM can be achieved in vivo after oral administration of the drug at a dose of 20 mg per m 2 body surface (4). Standard dosage of TMZ results in serum concentrations of up to 50 µM. We wondered whether TMZ at therapeutic concentrations might have a negative impact on the immunological functions of DCs and T cells, thus jeopardizing immunotherapy with DCs. Concentrations of TMZ used in our study covered the therapeutic range of TMZ serum concentrations 5-50 µM and beyond. No significant decrease of IL-12p70 secretion was observed within therapeutic levels (Fig. 5B) . Nevertheless, we found that higher levels of TMZ indeed inhibit the generation of CD83 + CD86 + DCs and a concentration of 500 µM TMZ additionally decreased the number of viable DCs (Figs. 4 and 5A ). Cytotoxic effects of TMZ could also be observed in other cell types as Kurzen et al (36) exposed endothelial cells to increasing concentrations of TMZ, with higher concentrations leading to significantly decreased cell numbers.
Moreover, T cells exposed to therapeutic doses of TMZ ranging from 5-50 µM during 7 days MLPC did not show impaired CMVpp65-specific CD8 + T cell reactivity and IFN-γ secretion (Fig. 6 ). Chiba et al provided further evidence that the frequency of WT1-specific T cells from glioma patients remains stable, despite the lymphocytopenic effects of concomitant radiation/TMZ therapy in patients with newly diagnosed malignant glioma (37) .
In summary, we demonstrated that CD83 + CD86 + HLA-DRhi BDCA4hi CD209hi CD205 + CD80 + DCs can be generated from monocytes of GBM patients. Morphology and phenotype of DCs generated from GBM patients receiving TMZ therapy and at time of diagnosis showed no significant differences in comparison to healthy control persons. Most important, therapeutical doses of TMZ did not impair the function of either DCs or CD8 + T cells in vitro. These data strongly support the combination of TMZ chemotherapy with autologous DC immunotherapy as promising treatment option for glioblastoma.
